Strong coupling between light and matter occurs when the two interact strongly enough to form new hybrid modes called polaritons. Here we report on the strong coupling of both the electric and magnetic degrees of freedom to an ultrafast terahertz (THz) frequency electromagnetic wave. In our system, optical phonons in a slab of ferroelectric lithium niobate (LiNbO3) are strongly coupled to a THz electric field to form phonon-polaritons, which are simultaneously strongly coupled to magnons in an adjacent slab of canted antiferromagnetic erbium orthoferrite (ErFeO3) via the THz magnetic field. The strong coupling leads to the formation of new magnon-phonon-polariton modes, which we experimentally observe in the wavevector-frequency dispersion curve as an avoided crossing, and in the time-domain as a normal-mode beating. Our simple yet versatile waveguide provides a promising avenue by which to explore ultrafast THz spintronics applications.
I. INTRODUCTION
The interaction between an electromagnetic wave (light) and an atomic, molecular, or material mode is termed strong coupling if the rate of coherent energy transfer between the light and matter is faster than the irreversible decay of the light or the coherent material excitation. In the strong coupling regime, the electromagnetic and material modes can no longer be treated as separate entities but rather form two hybrid modes called polaritons, with an energy difference between the modes given by the splitting energy Ω [1] [2] [3] [4] . Polariton systems enable extensive optical control over material behavior and coherent information transfer between light and material degrees of freedom at a rate Ω, yielding opportunities for both classical [5, 6] and quantum information processing [7] [8] [9] . Early on, the strong coupling of the electric field of light to the electric dipole moments of atoms was explored [10] , and later on was also demonstrated with superconducting qubits [11] and excitons [12] [13] [14] [15] . More recently, coupling to magnetic moments has been studied in the microwave domain using magnetically active systems such as NV centers [16] and magnon spin waves [17, 18] to form a foundation for the next generation in spintronics [19] . Largely, the focus of strong coupling physics has been on either the electric or the magnetic degree of freedom. However, the ensuing physics and potential applications motivate the prospect of coupling both electric and magnetic dipoles to an electromagnetic wave, while maintaining the ability to individually tailor and address each. Spintronics, in its quest toward long-range and terahertz (THz) frequency operation, would particularly benefit from such * sxcao@shu.edu.cn strong coupling because it provides a means for facile transport and interaction with spin information. In recent advances of microwave spintronics, magnons have been used as data carriers [20, 21] , because, unlike spinpolarized electrons, they provide transfer of spin information over macroscopic distances without any Joule heating and enable access to wave-based computing concepts. However, a similar use of magnons at THz frequencies is difficult due to a scarcity of appropriate electrically based sources and detectors. Optical light can be used for generation and detection of THz magnons, but the interaction is either indirect [22, 23] or nonlinear [24] and the efficiency is not high. More appealingly, free-space THz light has been shown to exert direct linear control over magnons [25, 26] , but free-space sources are not conducive to realizing miniaturized devices. These limitations inspire exploration of strong coupling of magnons to both light and other material degrees of freedom to enhance functionality.
In this article, we demonstrate strong coupling of magnetic and electric dipoles in two materials mediated by an ultrafast THz-frequency electromagnetic wave. We show that by simultaneously strongly coupling the optical phonons in a ferroelectric slab and magnons in an antiferromagnet slab to THz electric and magnetic fields, respectively, it is possible to form new hybrid modes termed magnon-phonon-polaritons. Although it is possible to drive a lattice vibration and magnetization in a multiferroic material that exhibits coupling between magnetic and electric order parameters [27] , here we demonstrate strong light-matter coupling with no need for intrinsic multiferroicity. We recently demonstrated this form of light-matter coupling to THz cavity photons in a high-Q (∼ 1000), small mode-volume V = 3.4 × 10 − 3λ 3 = 0.5(λ/n) 3 hybrid 3D cavity [28] . In contrast, in this work the polaritons propagate over macroscopic distances while coherently exchanging en-ergy between the lattice vibrations and magnetization. We demonstrate these features in an on-chip waveguide platform where the polaritons are highly confined, and efficiently generated and detected at ultrafast time scales using an all-optical method. In Sec. II, we will first describe our experimental setup, which uses an all-optical method. In Sec. III, we will then describe evidence for strong coupling in the form of avoided crossings in the experimentally recorded dispersion curves. Here, we will also discuss a coupled oscillator model that shows excellent agreement to the data. In Sec. IV, a Lorentz model for strong coupling is then discussed, and comparisons to the coupled oscillator model are discussed. In Sec. V, we will then highlight an experiment that draws distinctions between the signature of strong coupling and simple linear absorption. Finally, in Sec. VI, evidence for coherent energy exchange between the magnetization in ErFeO 3 and polarization in LiNbO 3 is demonstrated via normal-mode oscillations. In the Appendix A, we also discuss the importance of including the phonon mode in our calculations, as it carries a significant fraction of the energy.
II. GENERATION AND DETECTION OF MAGNON-PHONON-POLARITONS
Our system consists of a thin composite slab of 53 µm thick (100) lithium niobate (LiNbO 3 ) and 40 µm thick (001) erbium orthoferrite (ErFeO 3 ). The LiNbO 3 sample was an MgO-doped stoichiometric melt single crystal grown by the Czochralski method and high-quality laser grade polished down to 53 µm and diced to dimensions of 11 × 10 mm. The ErFeO3 sample was a single crystal grown by the floating-zone method. The sample plate with size 5 × 5 mm was polished using diamond paste (1 µm grain size) down to 40 µm. Large sample planes were prepared plane parallel with accuracy under 1 µm. A thin layer of air, approximately 8 µm thick, separates the two slabs. Note that the optically shiny surfaces had roughness less than 100 nm, whereas the THz radiation has more than one order of magnitude larger wavelength. In LiNbO 3 , the material excitation is the polar lattice vibration (i.e. transverse optical phonon mode) with its polarization P along the (ferroelectric) c crystallographic axis of the tetragonal crystal (the xaxis as defined in Fig. 1a) . The electric field component of a THz-frequency electromagnetic wave, oriented along the x-direction, coherently couples to these phonons to produce mixed phonon-polariton modes [29, 30] . Our phonon-polariton wavepackets, with ∼ 0.1 − 2 THz spectral content, drive the lower polariton branch that extends below the optical phonon frequency of 7.4 THz and corresponds to in-phase-excursions of the lattice vibration and the electromagnetic wave. Although the polaritons in our experiments are well detuned from the phonon resonance, the phononic nature is still integral to the dynamics. Not only does the lattice carry ∼ 32% of the energy in the 0.1-2 THz range (see Appendix A), the phonon mode is also responsible mechanistically for efficient generation and detection of the THz waves in our experiments. More specifically, the phonon is responsible for generating the THz waves through an impulsive driving by the incident optical pulse [31] , and allows direct detection of the THz waves through perturbing the optical polarization via electron-lattice interactions [32] . In ErFeO 3 , the relevant material excitation is the collective magnetic spin, i.e. the Brillouin zone center quasiantiferromagnetic (AF) magnon mode wherein the net magnetization M AF along the c axis of the orthorhombic crystal (the z-axis as defined in Fig. 1a) is modulated in amplitude [26, 33] . The magnetic field component of THz light along the z-axis coherently couples to the AF mode at the magnetic resonance transition frequency of 0.67-THz (with no applied magnetic field) to produce mixed magnon-polaritons. The first report of THz frequency magnon-polaritons was presented Sanders et al. in 1978 [34] . The authors used a slab of iron (II) fluoride that exhibits an antiferromagnetic resonance at 1.58 THz to form a strongly coupled with THz light. Here, we complement this interaction by also coupling the THz light to phonons in a highly confined waveguide geometry. In particular, in our hybrid waveguide, uniform x-electricpolarized, z-magnetic-polarized THz-frequency electromagnetic waves extend throughout both materials (see Fig. 1 ), resulting in new hybridized magnon-phononpolariton modes.
To study the interaction, we performed pump-probe measurements using a Ti:Sapphire amplifier system (Coherent Inc.) that outputs 90 fs duration pulses with an 800 nm center wavelength at a 1 kHz repetition rate. The laser power was first split in a ratio of 90/10 for the pump and probe pulses, respectively. The pump pulse was variably delayed by t, frequency doubled to 400 nm in a β-barium borate (BBO) crystal, and as shown in Fig. 1a , cylindrically focused into the bare LiNbO 3 portion of the slab to excite a z-electric-polarized, y-propagating phonon-polariton wavepacket via impulsive stimulated Raman scattering [35] . This method has been exploited extensively for THz wave generation in LiNbO 3 [36] . As shown in Fig. 1a , the phonon-polaritons generated by the optical pulse propagated away from the generation region and into the hybrid LiNbO 3 -air-ErFeO 3 slab. Here, the electric and magnetic fields of the THz wave, polarized along the x-and z-directions respectively drive the polarization of the polar phonon mode in LiNbO 3 and the magnetization of the AF magnon mode in ErFeO 3 . In Fig. 1b , we show a finite element method (FEM) simulation of electromagnetic wave transmission from the bare slab into the hybrid slab at 0.67 THz (in the absence of any resonances). The transmission can be seen to proceed fairly efficiently. Correspondingly, in Fig. 1c and 1d we show the FEM calculated field profile for the firstorder waveguide modes in bare and hybrid structures at 0.67 THz, respectively. In both the single and hybrid waveguides, a uniform electromagnetic mode can be seen
Spatiotemporal detection of waveguide THz magnon-phonon-polaritons. (a) A line-focused 400 nm pump pulse generates THz frequency phonon-polaritons in LiNbO3 that enter the LiNbO3-air-ErFeO3 hybrid slab and excite magnons to create magnon-phonon-polaritons. An 800 nm probe pulse is variably delayed to measure the time-dependent THz electric field profile at each of many sample locations in the y-direction through the EO effect in LiNbO3. The coordinate axes represent the polarization of the THz light, the waveguide wavevector β, the ErFeO3 magnetization MAF that is modulated by the AF magnon mode, and the LiNbO3 ferroelectric polarization P that is modulated by the phononpolariton mode. (b) FEM simulation of electromagnetic wave transmission at 0.67 THz in the absence of the magnon resonance. The colormap of the out-of-plane electric field profile is shown and corresponds to E extending through the slab(s) and evanescently decaying away on either side of the structure.
We recorded the progress of the THz wave in the hybrid slab in a manner similar to that used earlier [37] , by exploiting the electro-optic effect wherein the THz electric field E T Hz modulates the LiNbO 3 refractive index [38] . We recorded the time-dependent THz electric-field profile E T Hz (t) at various positions in the propagation direction (y-direction as defined in Fig. 1a ) by passing the 800-nm probe pulse through the structure and measuring the variably delayed THz-induced depolarization as indicated in Fig. 1a . A display of the profiles E T Hz (t) measured in successive sample locations appears as a 2D space-time matrix E T Hz (y, t) as shown in Fig. 1e . Although the 400 nm pump pulse launches counterpropagating waves, initially we only observe the rightward travelling wave because the pump pulse is to the left of the detection window. The first several oscillation cycles of this wave are due to the lowest-order waveguide mode, and the second oscillation cycles are due to the next waveguide mode. Sometime later, we also observe an additional rightward propagating wave starting around 40 ps and leftward propagating wave starting at 90 ps that are due to partial reflections at the edges of the sample. Finally, a 2D Fourier transform was performed to obtain the wavevector-frequency dispersion curve E T Hz (k, ω). In Fig. 2a , we show the experimentally recorded dispersion curve for the 53 µm LiNbO 3 slab. Owing to the almost linear dispersion of the THz phonon-polaritons in our THz pulse bandwidth, two well separated transverseelectric (TE) dielectric waveguide modes [37] appear that are reproduced by a numerical calculation assuming a core refractive index of n = 5.0 [39] (using the freely available software package MPB [40] ). In Fig. 2b , we show the experimentally recorded dispersion curves for the hybrid 53 µm LiNbO 3 -8 µm air -40 µm ErFeO 3 slab where three well separated modes appear, and largely match numerically calculated solutions that assume an ErFeO 3 index of n = 4.9 [41] . The existence of three modes in Fig. 2b in comparison to two modes in Fig. 2a is a result of the increased thickness of the hybrid slab. As demonstrated in Fig. 2c , the waveguide modes become lowered in frequency and more closely spaced as the thickness of the waveguide is increased. We make two simplifications in the proceeding analysis. Firstly, the existence of an air-gap can be ignored as it does not significantly influence the dispersion curves, as shown in Fig. 2d . Secondly, as demonstrated by Fig. 2e , at most frequencies the hybrid waveguide dispersion curves resemble those in a 93 µm slab of LiNbO 3 . This is because of the very similar refractive indices of LiNbO 3 (n = 5.0) and ErFeO 3 (n = 4.9). With these assumptions, we can focus on the notable feature in Fig. 2b near the magnon resonance at 0.67 THz: an avoided crossing in both the first and second-order waveguide modes. 
III. AVOIDED CROSSING, NORMAL-MODE BEATING, AND THE BAND GAP
The avoided crossing is a hallmark signature of strong coupling and can be explained by the formation of new mixed modes, the magnon-phonon-polaritons. As discussed above, the new modes emerge from the strong coupling of the magnon and phonon-polariton modes. A phenomenological approach of coupled oscillators can be used to describe this interaction, using the Hamiltonian given as
Here, H pp & H m are the bare Hamiltonians and κ = 12 GHz & γ = 8 GHz [41] are the FWHM linewidths of the phonon-polariton and magnon, respectively. Correspondingly, W int denotes their interaction, c is the speed of light in vacuum, ω is the eigenfrequency of the coupled system, ω o /2π = 0.67 THz is the magnon resonance frequency, β is the hybrid waveguide wavevector that acts as the detuning parameter between the two bare modes via the term βc − ω o , and Ω is the splitting frequency which is a measure of the coupling strength. Note that β can be defined in terms of the relation β = n eff ω/c where n eff is termed the effective index and is defined as the ratio of the speed of light to the phase velocity of the waveguide mode. β thereby contains a frequency and mode dependent weighted average of the refractive indices of the LiNbO 3 , ErFeO 3 , and air. The solutions to this 2 × 2 Hamiltonian correspond to the upper and lower magnon-phonon-polariton branches ω UP and ω LP , respectively.
In Fig. 3a , we show an enlargement of the LiNbO 3 -airErFeO 3 hybrid slab dispersion curve for the first-order waveguide mode near the magnon resonance, in which the avoided crossing feature can be seen more clearly. The bare magnon and phonon-polariton modes are only well fitted to the experimental dispersion at large detunings, where the hybrid modes resemble the bare modes (Fig. 3a, dashed lines) . In contrast, the upper and lower magnon-phonon-polariton branches from equation (3) are well fitted at all detunings, reproducing the normal mode splitting (Fig. 3a, solid lines) . As a complement, in Fig. 3b we show the frequency spectra for a series of wavevectors at various detunings from the magnon resonance. The first-order mode has phonon-polariton character at large detunings but shows a double-peaked structure at and near zero detuning where the magnon and phonon-polariton modes are strongly mixed. Although the second-order mode in Fig. 3b is far detuned for this range of wavevectors and thus shows a simple monotonic increase in center frequency, it also demonstrates a double-peaked spectrum at zero detuning (see Fig. 3c ). To confirm the avoided crossing was due to the AF-mode magnon in ErFeO 3 , we also performed temperature dependent experiments as shown in Fig. 3d and 3e. We clearly observe the avoided crossing shift to 0.75 THz at 80 K, in agreement with the shift of the AF-mode magnon frequency in ErFeO 3 [41] .
The splitting frequencies for the first and second-order waveguide modes were found to be Ω 1 /2π = 20 GHz and Ω 2 /2π = 18 GHz, respectively. Along with the linewidths for the magnon γ/2π = 8 GHz and phonon-polariton mode κ/2π = 12 GHz, these allow us to estimate the cooperativity factor C = Ω 2 /κγ. The cooperativity factor is a dimensionless quantity that compares the coupling strength to the losses in the system, with C > 1 considered strong coupling. The first and second-order phonon-polariton modes couple to the magnons with cooperativity factors C = 4.0 and C = 3.4, respectively, further validating that the system is in the strong coupling regime.
IV. LORENTZ MODEL
So far, we have used a classical coupled oscillator model for magnons and phonons because the two can be modelled as damped harmonic oscillators. A Lorentz model (i.e. linear dispersion theory) can also be used to describe the polariton formation. In this case, we assume the permeability of ErFeO 3 is modelled as a damped harmonic oscillator near the magnon resonant frequency. As such, the dispersion relation for the electromagnetic wave can be written as
where we assume that ∆µ k = 8 × 10 −4 [41] . Using this approach, we obtained a dispersion curve as overlaid on the data in Fig. 3a (dash-dotted lines) . Outside the anomalous frequency range, the Lorentz model shows excellent agreement to the data and the coupled oscillator model of Eqns. (1-3) . This is not surprising given that the Lorentz and coupled oscillator models are similar phenomenological approaches to describing strong lightmatter coupling. The similarity comes from the fact that the electromagnetic field can be quantized as a harmonic oscillator or defined using dispersion relations. The discrepancy (anomalous dispersion versus an avoided crossing) comes from the fact that the Lorentz model allows for a complex wavevector i.e. spatial damping. This damping is the reason the anomalous region was not seen in our experiments. In fact, in the absence of this damping (i.e. γ ∼ 0) and close to resonance (i.e. ω ∼ ω o ), the Lorentz model is equivalent to the coupled oscillator model and can be written as
This has the same form as Eqn. (3) in the absence of damping, and also models an avoided crossing. In this case, the splitting frequency is given by
GHz, which closely matches the experimentally extracted values for Ω 1 /2π and Ω 2 /2π. Despite the convergence of these two models, we should point out that light-matter interactions that allow for light propagation always have an associated complex wavevector, and strong light-matter coupling in these systems always exhibit anomalous dispersion. The Lorentz model is therefore often used to describe polaritons in bulk and waveguide geometries, while the coupled oscillator model is more suitable when the coupling occurs in a photonic cavity for example. Interestingly, while both models are classical, they can also be used to describe the quantum observation of vacuum Rabi splitting [14, 42] . The ability of these classical models to describe a quantum interaction stems from the fact that for weak atomic excitations, the quantum theory of interaction between an electromagnetic field and an atom is equivalent to the Lorentz model for a classical oscillator. Thus, to earn the distinction of quantum strong coupling, it is not sufficient to observe a splitting. Instead, a dependence of splitting energy on the electric field or number of oscillators must be observed [4, 43] . Such a dependence was not observed in our experiments.
We would also like to note that there exist THzfrequency phonon modes in ErFeO 3 itself, and it was demonstrated that driving the modes near ∼ 20 THz can create an effective magnetic field that subsequently drives the AF-mode magnon [44] . However, this is a nonresonant Raman-type effect using ∼Mv/cm THz field strengths. In contrast, we use the phonons in LiNbO 3 to generate THz waves, which then resonantly drive the magnons in ErFeO 3 via the magnetic field component of the electromagnetic wave. The driving of the magnons is thus linear in the field. In addition, in our system the magnon response can be resolved through its coupling to the E-field at ∼V/cm THz E-field strengths owing to the efficient EO detection in LiNbO 3 .
V. ABSORPTION VS. STRONG COUPLING
The features in Fig. 2b and Fig. 3 are not simply gaps in the dispersion curve due to linear absorption. To demonstrate this distinction, we have performed an experiment that demonstrates the case of linear absorption due to a magnetic resonance by measuring the dispersion curve after transmission through an array of split-ring resonators (SRRs) patterned onto the surface of a 30 µm x-cut LiNbO 3 slab (see Fig. 4a and 4b) . The SRRs are 200 nm thick gold on a thin chromium adhesion layer deposited by optical lithography directly on the surface of the LiNbO 3 slab. Due to the orientation of the Eand H-fields in the experiment, the SRRs only exhibit a magnetic resonance that can be modelled using a Lorentz model for the magnetic permeability [45] . Thus, they are an ideal comparison to the AF-mode magnon in ErFeO 3 . From the dispersion curve of Fig. 4c , there is no evidence of an avoided crossing. Instead, we only see a reduced amplitude around the resonant frequency. Furthermore, from the wavevector-dependent spectra in Fig. 4d , there is never a double-peaked structure. Instead, there is always a single-peaked structure with the magnitude of the peak reduced when on resonance. This is the behavior expected for linear absorption, and is demonstrably different from the avoided crossing shown in Fig. 3 .
VI. ENERGY EXCHANGE AND BANDGAP
The strong coupling suggests there is coherent energy exchange between the magnons and phonon-polaritons at a rate Ω. Our spatially and temporally resolved measurements permit direct observation of this process. Figure  5a shows time-dependent data at a selected wavevector β = 63 rad/mm, obtained by frequency filtering the spectrum shown in Fig. 3b around the lower-order waveguide mode and inverse Fourier transforming to return to the time domain. This allows us to examine the evolution of only the lower-order waveguide mode at frequencies around the avoided crossing in order to illustrate the energy exchange clearly. The signal shows beating with energy exchange period 2π/Ω = 50 ps and decay time τ = 2/(κ + γ) = 100 ps (see Fig. 5a, dashed line) .
Although the polariton band gap in the hybrid waveguide excludes any eigenmodes around the bare magnon frequency, the phonon-polariton wavepacket entering from the LiNbO 3 extension includes frequencies within this forbidden gap. These waves are evanescent and so decay exponentially into the hybrid slab. Ignoring other sources of absorption, the decay rate should be greatest at the center of the gap (i.e. the bare magnon frequency) and the rate should decrease as frequencies at the gap edges are approached [46] . As shown in Fig. 5b , the frequency component of 0.67 THz in the center of the band gap has a decay length of 0.48 mm, 2-3 times shorter than those either above or below the band gap. The frequency-dependent damping rates outside the forbidden range closely follow those of bare LiNbO 3 [47] .
VII. CONCLUSIONS
We have shown strong coupling between phononpolaritons and magnons in a LiNbO 3 -air-ErFeO 3 hybrid slab in the THz frequency range. In the wavevectorfrequency domain, we have observed an avoided crossing in the dispersion curve for both the first and second-order TE dielectric waveguide modes, which exhibit a normal mode splitting of Ω 1 /2π = 20 GHz and Ω 2 /2π = 18 GHz with corresponding cooperativity factors C = 4.0 and C = 3.4, respectively. Correspondingly, in the time domain we observed a beating between the upper and lower magnon-phonon-polaritons with an oscillation period of 2π/Ω = 50 ps, which is the period for energy exchange between phonons and magnons. In the spatial domain, we observed evanescent wave decay at frequencies within the band gap as the wavepacket entered the hybrid waveguide. These features provide direct evidence for strong coupling of the magnetization and lattice vibrations to THz frequency light, and illustrate a system with multifunctional capabilities. In addition to the various form of electrical control afforded by LiNbO 3 [48] , its large electro-optic constants enables efficient generation and detection of THz waves [36, 38] that directly couple to the ErFeO 3 magnons, with handles for both spatial and temporal shaping of the THz field profile [29, 30] . The coupling to THz light in a waveguide also allows coherent propagation of the magnetization in a highly confined and efficient manner. Ultimately, the on-chip geometry and ultrafast time scales used here may show promise for an avenue toward ultrafast THz spintronics. To calculate the energy distribution between the lattice motion and electromagnetic field, we begin by describing the coupling between the transverse polar optic phonon mode and the electromagnetic field. The coupled equations are given as [49] 
Here, P is the macroscopic polarization of the material, and Q is the normalized ionic displacement of the polar optic phonon mode where an over-dot indicates the time derivative. In addition, ω T O is the transverse optic phonon frequency, o is vacuum permittivity, and ε ∞ and ε o are the high-and low-frequency dielectric constants of the material, respectively. We now introduce Poynting's theorem, which relates the energy stored in the electromagnetic field to the work done on the electric dipoles in the medium. In differential form, the energy balance can be expressed as
where S is the Poynting vector and W is the energy density. Equation (A3) states that the rate of energy decrease in the medium (RHS) is equal to the amount of energy flow out of the medium (LHS). To determine the energy distribution between the lattice and electromagnetic field, we must determine an appropriate energy density that satisfies Eqn. (A3). Such an energy density was proposed by Huang [49] in the absence of damping (Γ = 0), which is given as
Where E and H are the electric and magnetic fields, respectively, and Q is the normalized displacement of the phonon mode, and µ o is the vacuum permeability. The first term in brackets of Eqn. (A4) represents the vibrational energy of the TO phonon mode, given as a sum of the potential and kinetic energy terms one normally uses for a harmonic oscillator. The second term in brackets represents the electromagnetic energy, with an inclusion of the electronic response via the term ε ∞ . As such, we can write the time-averaged energies in the lattice and electromagnetic wave as
The time-averaged fraction of mechanical energy in the mode is then given as
Where W latt and W EM are the time averaged lattice and electromagnetic energies, respectively. Using Eqns. (A5) and (A6) and assuming material parameters for LN as specified in the work of Feurer et al. [29] , the fraction of energy in the lattice is 32% at 1 THz.
